Studies comparing neuronal activity at the dorsal and ventral poles of the hippocampus have shown that the scale of spatial information increases and the precision with which space is represented declines from the dorsal to ventral end. These dorsoventral differences in neuronal output and spatial representation could arise due to differences in computations performed by dorsal and ventral CA1 neurons.
Introduction
The laminar connectivity of the excitatory pathways repeats itself across the entire dorsoventral (DV) axis of the hippocampus. At all DV levels, information from the entorhinal cortex reaches CA1 pyramidal neurons via two topographically segregated inputs: distal regions of CA1 apical dendrites are innervated by temporoammonic (TA) inputs from layer 3 of the entorhinal cortex; proximal regions of the apical and basal dendrites are innervated by Schaffer collateral (SC) inputs from hippocampal CA3 neurons (Steward, 1976; Amaral and Witter, 1989; Kajiwara et al., 2008) . While this intrinsic pattern of connectivity is conserved along the DV axis, the scale of spatial information increases and the precision with which space is represented declines from the dorsal-to-ventral end (Moser and Moser, 1998; Strange et al., 2014) . Specifically, the ventral CA1 neurons have larger place fields compared with dorsal CA1 neurons (Jung et al., 1994; Maurer et al., 2005; Kjelstrup et al., 2008) . What are the underlying mechanisms for this functional segregation in neuronal output along the DV axis? This DV difference in place field size could arise due to the differences in spatial and nonspatial inputs reaching different DV levels of the hippocampus (Brun et al., 2008b; Lyttle et al., 2013; Keinath et al., 2014) . According to this postulate, dorsal and ventral CA1 neurons act as linear integrators and perform similar computation and the differences in neural firing arise primarily due to the variation in the inputs.
Theoretical and experimental evidence suggests that LTP at the excitatory inputs to CA1 neurons underlies the formation of place fields (Blum and Abbott, 1996; Wilson and Tonegawa, 1997; Mehta and Wilson, 2000; Nakazawa et al., 2004) . Nonlinear integration of excitatory inputs mediated by dendritic spikes and plateau potentials is critical for robust LTP and more recently has been shown to be important for place field formation (Golding et al., 2002; Takahashi and Magee, 2009; Bittner et al., 2015) . Additionally, in vivo manipulation of channels that regulate dendritic excitability in CA1 neurons affects LTP and the size of place fields (Hussaini et al., 2011) . Interestingly, we and others have shown that ventral CA1 neurons are intrinsically more excitable compared with dorsal neurons Malik et al., 2016) . A differential expression of voltage-gated ion channels and differences in morphology underlie this DV difference in excitability. Specifically, the dorsal neurons have a higher resting conductance of G-protein coupled inward-rectifying K ϩ (GIRK) channels and higher numbers of A-type (K A ) and M-type K ϩ channels (Marcelin et al., 2012; Hönigsperger et al., 2015; Kim and Johnston, 2015) . Because GIRK and K A channels are expressed in CA1 dendrites and are known to regulate the integration of excitatory inputs (Drake et al., 1997; Chen and Johnston, 2005) , it is likely that a higher expression of these channels in dorsal dendrites would inhibit active dendritic mechanisms and limit the plasticity at the excitatory inputs to dorsal neurons.
In this study, we asked whether the DV differences in place field size could arise due to differences in the threshold for LTP induction. We hypothesized that the small place fields in dorsal hippocampus could arise from a higher threshold for LTP induction such that only strong and/or coincident inputs would be potentiated in dorsal neurons. By contrast, a lower threshold of LTP induction in ventral neurons would cause potentiation of even weak and temporally dispersed excitatory inputs leading to formation of large or multiple place fields (Rich et al., 2014) . In this study, we tested these hypotheses by quantifying the DV differences in gating of LTP. We found that the dorsal neurons have a higher threshold for LTP induction. Additionally, a higher resting GIRK conductance in dorsal dendrites inhibits the generation of plateau potentials and constricts the window for temporal summation of SC and TA inputs. Similar regulation of LTP was absent in ventral dendrites. Together, our results provide a potential cellular mechanism for the dorsoventral differences in place field size.
Materials and Methods
Animal use. Adult male 1.5-to 2-month-old Sprague Dawley rats (RRID: RGD_5508397) were used in accordance to the rules and regulations of the University of Texas at Austin Institutional Animal Care and Use Committee. Rats were group housed (2 or 3 per cage) and had ad libitum access to water and food.
Acute hippocampal slice preparation. Rats were anesthetized with an intraperitonial injection of a mixture of ketamine and xylazine and transcardially perfused with an ice-cold cutting solution containing the following (in mM): 210 sucrose, 2.5 KCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 0.5 CaCl 2 , 7 MgCl 2 , and 7 dextrose. Vibrating blade microtome (VT1000A, Leica Microsystems) was used to obtain 350-m-thick dorsal and ventral hippocampus slices using slicing protocols described previously Malik et al., 2016) . Specifically, three slices from the ventral end (ϳ1 mm) and 4 slices from the dorsal end (ϳ1.2 mm) were used for all experiments (Malik et al., 2016) . From a given rat, both dorsal and ventral slices were obtained from opposite hemispheres. Slices were allowed to recover at 34°C for 30 min followed by 30 min recovery at room temperature in a holding solution containing the following (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 2 CaCl 2 , 2 MgCl 2 , 12.5 dextrose, 1.3 ascorbic acid, and 3 sodium pyruvate.
Whole-cell patch-clamp recordings. Whole-cell current-clamp recordings were obtained from submerged slices perfused in a heated (32°C-34°C) recording solution (bubbled with 95% O 2 /5% CO 2 , pH ϳ7.4) containing the following (in mM): 125 NaCl, 3 KCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 2 CaCl 2 , 1 MgCl 2 , and 12.5 dextrose. In all experiments, GABA A -and GABA B -mediated inhibition was blocked by adding 2 M gabazine and 5 M CGP 55845 hydrochloride to the recording solution. Area CA3 was removed before placing the slice in the recording chamber to prevent spontaneous epileptiform activity. Dendrites and somas of pyramidal neurons were visualized using infrared differential interference contrast optics (Zeiss Axioskop) fitted with a 60ϫ water-immersion objective. Pyramidal neurons located in the middle of the proximodistal/ transverse (CA3-subiculum) axis of CA1 region, close to stratum radiatum, were targeted for recordings. Somatic patch electrodes (4 -6 M⍀) and dendritic patch electrodes (6 -8 M⍀) were pulled from borosilicate capillary glass of external diameter 1.65 mm (World Precision Instruments) using a Flaming/Brown micropipette puller (model P-97, Sutter Instruments). Electrodes were filled with an internal solution containing the following (in mm): 120 K-gluconate, 20 KCl, 10 HEPES, 4 NaCl, 7 K 2 -phosphocreatine, 0.3 Na-GTP, and 4 Mg-ATP (pH ϳ7.3 adjusted with KOH), Neurobiotin (Vector Laboratories) was included (0.1%-0.2%) for subsequent histological processing, 15 M AlexaFluor-594 (Invitrogen) was also added to the internal solution. In some experiments, K 2 -phosphocreatine was replaced by Tris-phosphocreatine. In these cases, concentration of K-gluconate was increased to 134 mM to keep the K ϩ reversal potential consistent across experiments. Electrophysiology data were recorded using a Dagan BVC-700 amplifier with customwritten acquisition software in the IgorPro environment (Wavemetrics, RRID: SCR_000325). Code is available upon request. Signals were lowpass filtered at 3-10 kHz and sampled at 10 -40 kHz using an ITC-18 computer interface (InstruTech). Voltages have not been corrected for measured liquid junction potential (ϳ8 mV). Upon successful transition to the whole-cell configuration, the neuron was given at least 5 min to stabilize before data were collected. Access resistance and pipette capacitance were appropriately compensated before each recording. Experiments were terminated if access resistances exceeded 25 M⍀ for somatic recordings and 30 M⍀ for dendritic recordings or when access resistance varied by Ͼ20% during the experiment.
LTP induction protocol. Synaptic EPSPs were evoked by orthodromic stimulation through a bipolar tungsten electrode (0.1 ms, 0.01-0.2 A) located 120 -400 m from the soma and 15-25 m lateral to the visually identified apical dendrite. To ensure that we were not directly stimulating dendrites with our stimulating electrodes, separate control experiments were performed in which 25 M AP5 and 20 M DNQX were added to the bath, and a complete block of the stimulation-induced depolarization was observed (data not shown). Back-propagating action potentials (bAPs) were evoked by antidromic stimulation (0.1 ms), 5-20 m from the initial segment of the axon of the same neuron. The protocol for -burst pairing (TBP) to induce LTP consisted of five EPSPs evoked in bursts of 100 Hz, repeated in 10 trains of 5 Hz (-frequency). These trains were repeated three times at 0.1 Hz. For somatic TBP-LTP recordings, the EPSPs were paired with single action potentials elicited by short current injections to the soma (2 ms, 1-1.5 nA). During dendritic TBP-LTP recordings, EPSPs were paired with bAPs. Two forms of TBP protocols were used in this study: strong TBP protocol, in which a single bAP was paired with each EPSP (5 bAPs per burst); and weak TBP protocol, in which a single bAP was paired with the last two EPSPs in the burst (1-2 bAPs per burst). In all induction conditions, the bAP was timed to occur close to the peak of the EPSP. Experiments were excluded if the bAP appeared to be evoked by basal synaptic stimulation instead of antidromic stimulation (i.e., if the bAP was riding on top of an EPSP and/or it had a latency Ͼ3 ms). The two-pathway pairing protocol consisted of pairing five SC and five TA EPSPs in bursts of 100 Hz, repeated in 10 trains of 5 Hz. These trains were repeated three times at 0.1 Hz. Independence of the two pathways was tested by paired-pulse stimulation (at 50 ms interval) before the start of the LTP experiments. The membrane potential of the neurons was maintained at their initial resting membrane potential (RMP) during the course of LTP recordings. For certain experiments, membrane potential during TBP induction was depolarized or hyperpolarized. In cases where the membrane potential was depolarized, either small steps of depolarizing current or long duration depolarizing current steps were used.
Blockers used. All drugs were made from stock solutions in water or DMSO. NMDA receptors were blocked by adding 25 M D-AP5 and L-type voltage-gated calcium channels (L-VGCCs) were blocked by adding 10 M nimodipine to the recording solution. GIRK channels were blocked by addition of 25 M barium chloride or 0.3 M Tertiapin-Q (TerQ).
Data analysis. All data analyses were performed using custom routines written in Igor Pro. Code is available upon request. All statistical comparisons were done using MATLAB (RRID: SCR_001622). All plots were generated using Igor Pro. LTP was quantified as the change in initial EPSP slope. Initial EPSP slope was estimated by fitting a straight line to a fixed time window (1 ms duration, 1-3 ms after EPSP onset) to all the EPSPs in an LTP experiment. The slopes of the EPSPs measured during the 5 min (baseline) duration preceding the LTP stimulus were averaged. This baseline average was considered to be 100%, and the slopes of each of the individual responses for that slice were expressed as a percentage of this baseline average (normalized slopes). The depolarization area during TBP train was estimated by measuring the time integral of the voltage trace. Plateau duration was estimated as the width of the half-maximal voltage of the after depolarization at the end of the TBP burst. Plateau potentials for all the bursts of the first TBP train were averaged. Input resistance (R in ) was calculated as the slope of the linear fit of the voltage-current plot generated from a family of hyperpolarizing and depolarizing current injections (Ϫ50 to 50 pA, steps of 10 pA). Sag ratio was calculated as the ratio of the peak voltage to the steady-state voltage in response to a Ϫ50 pA current injection. Resonance frequency (f R ) was measured using a sinusoidal current injection of constant amplitude and linearly spanning 0 -15 Hz in 15 s (CHIRP15). The impedance amplitude profile (ZAP) was determined by taking the ratio of the fast Fourier transform of the voltage response to the fast Fourier transform of the CHIRP current. f R was defined as the peak of the ZAP.
Histological processing. Slices were fixed with 3% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4, and stored at 4°C for at least 48 h. Slices were processed using an avidin-HRP system activated by DAB (Vector Laboratories). DAB-processed slices were mounted in glycerol. Anatomical reconstructions were performed using Neurolucida 6.0 imaging software (MBF Bioscience) (RRID: SCR_001775).
Statistics. Equality of variance for grouped electrophysiology data was tested using the Bartlett test. Normality of distribution was tested using the Kolmogorov-Smirnov test and Lilliefors test. Statistical significance was assessed using a two-tailed Student's t test or a one-way ANOVA followed by a post hoc Tukey HSD test. Statistical significance for datasets where the groups were not normally distributed was assessed using Kruskal-Wallis ANOVA followed by a Dunn's multiple-comparison test. Sample sizes refer to the number of neurons. Group data are presented as mean Ϯ SEM. 
Results
Robust LTP in ventral but not dorsal CA1 neurons SC axons originating from area CA3 pyramidal neurons provide the numerically largest excitatory synaptic input received by the area CA1 pyramidal neurons. Plasticity at these inputs is thought to underlie place field formation (Rotenberg et al., 1996; Wilson and Tonegawa, 1997; Nakazawa et al., 2004) . To investigate the DV differences in plasticity at SC inputs, we used TBP to induce LTP ( Fig. 1 A, B) . Similar-sized subthreshold EPSPs (dorsal: 4.1 Ϯ 0.2 mV; ventral: 3.6 Ϯ 0.3 mV; unpaired t test, t (18) ϭ 0.29, p ϭ 0.1) were recorded from somatic regions of the dorsal and ventral neurons (Fig. 1C) , and TBP-LTP was induced after obtaining a stable baseline. The majority of the dorsal neurons showed very little or no LTP after TBP (150 Ϯ 24.6%; n ϭ 10) ( Fig. 1 D, F ) . Interestingly, all ventral CA1 neurons exhibited robust LTP (370.4 Ϯ 32.5%, n ϭ 10) as indicated by a large increase in EPSP slope after TBP ( Fig. 1 E, F ) . At 30 min after TBP, the normalized change in EPSP slope was significantly larger (unpaired t test, t (18) ϭ 5.4, p ϭ 4e Ϫ05 ) in ventral neurons compared with dorsal neurons (Fig. 1G) .
A difference in summation of EPSPs and APs during TBP trains might underlie this DV difference in LTP. Thus, we tested whether the number of APs fired during TBP and also the depolarization area (which might be correlated with the amount of calcium influx) were different between the dorsal and ventral neurons. Contrary to our prediction, no DV differences were observed in the number of APs fired per burst (dorsal: 4.9 Ϯ 0.11 APs; ventral: 4.7 Ϯ 0.08 APs; unpaired t test, t (18) ϭ 1.68, p ϭ 0.11), or in the depolarization area during TBP trains (dorsal: 18.2 Ϯ 2.1 mV ϫ s; ventral: 15.1 Ϯ 2.26 mV ϫ s; unpaired t test, t (18) ϭ 1.24, p ϭ 0.23).
It has been reported previously that, along with synaptic plasticity, TBP protocol induces intrinsic plasticity in CA1 pyramidal neurons (Fan et al., 2005; Narayanan and Johnston, 2007) . This intrinsic plasticity is an important regulator of neuronal excitability and is caused by a change in the HCN (hyperpolarizationactivated cyclic nucleotide-gated) channel mediated h-current. This TBP-induced intrinsic plasticity can be quantified in current-clamp recordings by measuring the changes in h-current sensitive properties: R in , sag ratio, and f R . Although the role of intrinsic plasticity in place cell formation is not known, several Significant reduction in the R in of dorsal (C) (paired t test, t (9) ϭ 7.3, p ϭ 4.2e Ϫ5 ; n ϭ 10) and ventral neurons (D) (paired t test, t (9) ϭ 6.15, p ϭ 1.6e Ϫ4 ; n ϭ 10) after TBP. No change in R in was observed in dorsal (C) (gray; paired t test, t (6) ϭ 0.65, p ϭ 0.53; n ϭ 7) and ventral neurons (D) (orange; paired t test, t (5) ϭ 0.7, p ϭ 0.51; n ϭ 6) in control recordings (with no TBP induction). E, F, Significant increase in the sag ratio after TBP in dorsal (E) (paired t test, t (9) ϭ 2.7, p ϭ 0.002; n ϭ 10) and ventral (F ) (paired t test, t (9) ϭ 3.1, p ϭ 0.006; n ϭ 10) CA1 neurons. G, H, Significant increase in the f R after TBP in dorsal neurons (G) (paired t test, t (9) ϭ 7.66, p ϭ 3.1e Ϫ5 ) and ventral neurons (H ) (paired t test, t (9) ϭ 5, p ϭ 7.3e Ϫ4 ). I, TBP-induced percentage decrease in R in was similar for dorsal and ventral CA1 neurons (unpaired t test, t (18) ϭ 0.7, p ϭ 0.486). J, TBP-induced percentage increase in the sag ratio was similar for dorsal and ventral neurons (unpaired t test, t (18) ϭ 1.8, p ϭ 0.09). K, Percentage increase in f R after TBP in dorsal and ventral neurons was similar (unpaired t test, t (18) ϭ 1.48, p ϭ 0.15). Open circles represent individual cells. Closed circles represent mean Ϯ SEM. **p Ͻ 0.01. studies have shown that the perturbation of HCN channel gradients in CA1 neurons can affect LTP and the size of place fields (Nolan et al., 2004; Hussaini et al., 2011) . Because the amount of LTP induced by TBP was different between dorsal and ventral neurons, we tested whether the TBP-induced intrinsic plasticity was also different. Input resistance (paired t test, t (9) ϭ 6.15, p ϭ 1.6e Ϫ4 ; Fig. 2 A, D) , sag ratio (paired t test, t (9) ϭ 3.1, p ϭ 0.006; Fig. 2 A, F ) , and f R (paired t test, t (9) ϭ 5, p ϭ 7.3e Ϫ4 ; Fig. 2 B, H ) of ventral neurons measured 30 min after TBP were significantly different from baseline. Similar TBP-induced changes in R in (paired t test, t (9) ϭ 7.3, p ϭ 4.2e Ϫ5 ; Fig. 2 A, C) , sag ratio (paired t test, t (9) ϭ 2.7, p ϭ 0.002; Fig. 2 A, E) , and f R (paired t test, t (9) ϭ 7.66, p ϭ 3.1e Ϫ5 ; Fig. 2 A, G) were observed in dorsal neurons. It is important to note that these changes in R in (paired t test, dorsal: t (6) ϭ 0.65, p ϭ 0.53; ventral: t (5) ϭ 0.7, p ϭ 0.51; Figure 2C ,D), sag ratio (paired t test, dorsal: t (6) ϭ 1, p ϭ 0.34; ventral: t (5) ϭ 0.63, p ϭ 0.55), and f R (paired t test, dorsal: t (6) ϭ 1.2, p ϭ 0.37; ventral: t (5) ϭ 0.45, p ϭ 0.67) were specific to the LTP induction and were not observed in control recordings. Contrary to our prediction, TBP-induced percentage changes in R in (unpaired t test, t (18) ϭ 0.7, p ϭ 0.48; Fig. 2I ), sag ratio (unpaired t test, t (18) ϭ 1.8, p ϭ 0.09; Fig. 2J 
TBP-LTP is dependent on NMDARs and VGCCs in ventral CA1 neurons
Next, we tested whether the LTP in dorsal and ventral neurons is dependent on activation of NMDARs and L-VGCCs (Magee and Johnston, 1997; Clemens and Johnston, 2014) . In these experiments, slices were incubated in D-AP5 (25 M) (Fig.  3 A, B) , nimodipine (10 M) (Fig. 3C,D) , or a mixture of D-AP5 and nimodipine (Fig. 3 E, F ) . Following the baseline measurements, TBP-LTP was induced and the amount of LTP obtained in the presence of different pharmacological blockers was compared. In dorsal neurons, the TBP-induced LTP in control conditions was not significantly different from baseline; thus, the addition of D-AP5 or nimodipine had little effect (AP5: 127.2 Ϯ 10.1%, n ϭ 5; nimodipine: 140.9 Ϯ 19.5%, n ϭ 5; AP5 and nimodipine: 88.8 Ϯ 19%, n ϭ 5; one-way ANOVA, F (3,21) ϭ 1.63, p ϭ 0.21; Fig. 3G ). The TBP-LTP in ventral neurons, however, was significantly reduced by blocking NMDARs alone and was further reduced when both NMDARs and L-VGCCs were blocked (AP5: 163 Ϯ 37.8%, n ϭ 6; nimodipine: 236.5 Ϯ 30.3%, n ϭ 5; AP5 and nimodipine: 141.9 Ϯ 15.8%, n ϭ 5; one-way ANOVA, F (3, 22) ϭ 12.9, p ϭ 6.5e Ϫ05 , Tukey HSD post hoc test, p Ͻ 0.05; Fig. 3H ).
Induction threshold for TBP-LTP is lower in ventral neurons
A lower threshold for LTP induction in ventral neurons could underlie the DV differences in TBP-LTP. To test this prediction, we modulated the strength of the induction paradigm. First, we tested whether a weak TBP protocol (5 EPSPs were paired with 1-2 APs) would be sufficient to induce LTP in ventral but not dorsal CA1 neurons (Fig. 4A) . Similar to the strong induction paradigm, the weak TBP protocol induced a robust increase in EPSP slope in ventral neurons (180 Ϯ 13.1%, n ϭ 6). The majority of the dorsal neurons (5 of 6 neurons) failed to show any potentiation (110.3 Ϯ 14.2%; Fig.  4 B, C) in response to the weak induction protocol. Next, we tested whether a larger initial EPSP in dorsal neurons might provide the induction strength to produce ventral-like LTP. In this experiment, large somatic EPSPs (8 -10 mV) were recorded during baseline and LTP was induced using the strong TBP protocol. Interestingly, even the strong TBP induction with large initial EPSPs was insufficient to produce ventral-like robust LTP in dorsal neurons (Fig. 4D) .
Why is the threshold for LTP induction lower in ventral CA1 neurons? Previous studies have shown that a lower expression of K A channels and larger bAPs in CA1 neurons can decrease the threshold for TBP-LTP (Golding et al., 2002; Takahashi and Magee, 2009) . One possible explanation for the DV difference in the threshold for LTP induction could be larger bAPs in the ventral dendrites. Recently, it was reported that the bAP amplitude at distal dendritic locations (Ͼ300 m away from soma) in ventral neurons is larger compared with the dorsal neurons (Marcelin et al., 2012) . The same study reported a lower expression of K A channels in the ventral neurons. It is, however, not known whether the amplitude of bAPs at proximal dendrites (ϳ150 m) is also different between dorsal and ventral neurons. To explore the role of bAPs in TBP-LTP induction, we first compared the distance-dependent attenuation of bAPs in dorsal and ventral dendrites.
Whole-cell current-clamp recordings were obtained from varying dendritic locations, and the bAPs were elicited using an antidromic stimulating electrode (Fig. 4F ) . The attenuation of the bAP amplitude along the apical dendrite was significantly larger (one-way ANCOVA, F (1,48) ϭ 15.9, p ϭ 0.0002) in dorsal dendrites (n ϭ 26) compared with the ventral dendrites (n ϭ 24) (Fig. 4G ). This DV difference in bAP amplitude was, however, small at proximal dendrites (50 -150 m) but more pronounced at distal dendritic locations (150 -350 m) . It has been shown previously that the radial length of the apical dendrite is significantly longer in ventral neurons ( al., 2016) (Fig. 4E) . We wondered whether the decreased attenuation of bAPs in ventral dendrites might be a compensatory mechanism for the longer apical dendritic length of these neurons. To test this, we normalized the dendritic recording location in dorsal and ventral neurons to their respective average apical dendritic lengths (dorsal: 540 m, ventral: 760 m). The attenuation of the bAP amplitude along the scaled apical dendritic distance was now similar in dorsal and ventral neurons (one-way ANCOVA, F (1,48) ϭ 3.9, p ϭ 0.06; Fig. 4H ). If the larger bAP amplitude in ventral dendrites underlies larger LTP in ventral neurons, then LTP at scaled distal dendritic location (200 -250 m) in ventral neurons should be similar to LTP at proximal locations (120 -150 m) in dorsal neurons (Fig. 4I ) . Contrary to this prediction, however, LTP at distal locations in ventral neurons (280 Ϯ 75.3%; n ϭ 6) was still significantly larger (unpaired t test, t (14) ϭ 3.5, p ϭ 0.0035) than LTP at proximal locations in dorsal neurons (Fig.  4 J, K ) . It is important to note that the stimulating electrodes placed at the distal location can activate SC axons that form synapses close to the soma. We have, however, not controlled for this caveat in our experiments. Overall, these results illustrate that the differences in bAP amplitude between dorsal and ventral neurons might contribute to but cannot fully explain the DV differences in the threshold for LTP induction. Additionally, it is likely that bAPs are not always necessary for LTP induction in dorsal and ventral CA1 neurons. We have, however, not tested this in the present study.
What is happening at the dendrites during LTP induction?
Along with the bAPs, local dendritic events, such as dendritic spikes and plateau potentials, are known to have a significant impact on the summation and potentiation of synaptic inputs (Golding et al., 2002; Takahashi and Magee, 2009 ). To explore whether there are differences in dendritic summation during the strong TBP protocol, we obtained current-clamp recordings from dendrites of dorsal and ventral neurons during LTP experiments (Fig. 5A) . Similar to the somatic recordings, the strong TBP protocol induced a robust LTP in ventral dendrites (341.9 Ϯ 45.2%, n ϭ 7), which was significantly larger (unpaired t test, t (13) ϭ 4.65, p ϭ 0.0004) than the LTP observed in the dorsal dendrites (140.4 Ϯ 9.4%; n ϭ 8; Fig.  5D ).
To determine whether nonlinear dendritic events, such as plateau potentials, underlie the lower threshold for LTP induction in ventral dendrites, we compared the individual bursts during TBP trains in the dorsal and ventral dendrites. We used previously published methods ( The membrane potential was adjusted to depolarize the neurons by ϳ8 -10 mV. The bursts highlighted by gray circles are expanded on the right to illustrate the long duration of plateau potentials (two-headed arrows). C, Time course plot of averaged normalized EPSP slope in dorsal dendrites (n ϭ 10) when TBP-LTP was induced at depolarized potential. Right, Example EPSP traces recorded from dorsal dendritesduringbaselineandafterTBP.D,E,ScatterplotcomparingtheamountofLTP (unpairedttest,t (16) ϭ3.88,pϭ0.0013)(D)and plateau potential duration (unpaired t test, t (16) ϭ 2.35, p ϭ 0.035) (E) between dorsal LTP induction at RMP (n ϭ 8) and dorsal LTP induction at depolarized potential (n ϭ 10). F, G, Summary plot comparing the normalized EPSP slope (F) and plateau potential duration (G)betweendorsaldepolarizedTBP-LTPrecordingswithoutblockers(nϭ10;blue),withD-AP5(nϭ5;orange),withnimodipine(nϭ5; turquoise),andwithD-AP5ϩnimodipine(nϭ5;purple)(percentageEPSPslope:F (3, 21) Fig. 5F ).
Depolarization during induction is critical for LTP in dorsal dendrites but not the ventral dendrites
It has been shown previously that depolarizing the dendritic membrane during LTP induction can increase the duration of plateau potentials (Takahashi and Magee, 2009 ). Interestingly, the RMP of ventral dendrites is depolarized (Ϫ62.7 Ϯ 0.33 mV) compared with the RMP of dorsal dendrites (Ϫ68 Ϯ 0.66 mV) (unpaired t test, t (13) ϭ 8.5, p ϭ 1.07e Ϫ06 ; Fig. 5G ). To explore the role of the membrane potential (V m ) in regulating the plateau potentials and LTP in dorsal dendrites, we depolarized the dorsal dendrites during LTP induction. The V m of the dendrites was maintained at the initial RMP during the baseline and post-TBP recordings. During the TBP protocol dendritic V m was depolarized by ϳ8 -10 mV. Interestingly, whereas the induction of TBP-LTP at RMP caused only a small change in EPSP slope (Fig. 1) , TBP protocol applied at depolarized V m led to a large increase in EPSP slope in dorsal dendrites (300 Ϯ 34.2%, n ϭ 10; Fig. 6C,D) . Additionally, large dendritic plateau potentials (31.73 Ϯ 3 ms) were observed in dorsal dendrites during the depolarized TBP trains (Fig.  6 B, 
E).
This LTP induced by the depolarized TBP protocol in dorsal dendrites was partially blocked by the addition of either D-AP5 or Nimodipine (Fig. 6F ) . Complete block of LTP was observed when the blockers for both NMDARs and L-VGCCs were present during LTP induction (94.6 Ϯ 21.1%; one-way ANOVA with Tukey HSD post hoc test, F (3,21) ϭ 9.47, p Ͻ 0.05; Fig. 6F ) . Further, the block of TBP-LTP by D-AP5 and nimodipine was correlated with a significant reduction in the duration of plateau potentials (20 Ϯ 1.4 ms; one-way ANOVA with Tukey HSD post hoc test, F (3,21) ϭ 4.28, p Ͻ 0.05; Fig. 6G ). These results suggest that the V m and the plateau potentials play a significant role in mediating the LTP in dorsal dendrites.
Next, we checked whether similar regulation of TBP-LTP by V m exists in ventral dendrites. Ventral dendrites rest at more depolarized potentials compared with dorsal dendrites and exhibit large LTP in response to the TBP protocol applied at RMP. We tested whether hyperpolarizing (ϳ8 -10 mV) the ventral dendrites would block or reduce the amount of LTP in these neurons. Contrary to our prediction, LTP induced by TBP protocol at hyperpolarized V m (271.6 Ϯ 30.7%, n ϭ 6) was not different from LTP induced at RMP (Fig. 7C,F ) . Additionally, the duration of plateau potentials was not reduced during the bursts of TBP at hyperpolarized voltages (21.5 Ϯ 1.6 ms; Fig. 7 B, G) . This lack of change in ventral LTP and the duration of plateau potentials was in stark contrast to the dorsal recordings where depolarizationincreased plateau duration was correlated with an increase in LTP. To explore this contrariety further, we asked whether depolarizing the ventral dendrites (ϳ8 -10 mV) would affect the plateau potentials and the LTP. Interestingly, depolarizing the ventral dendrites during TBP also did not change the duration of plateau potentials (37 Ϯ 8.5 ms, n ϭ 5) or the amount of LTP (363.9 Ϯ 66.4%) in ventral dendrites (Fig. 7D-G) . Together, these results from altering the V m during LTP induction suggest that the V m plays a more important role in regulating LTP in dorsal than ventral dendrites.
GIRK channels regulate the membrane potential and LTP of dorsal neurons
A recent study reported that the resting conductance from GIRK channels plays an important role in regulating the RMP and excitability of dorsal but not ventral neurons (Kim and Johnston, 2015) . This study compared the resting GIRK conductance at the soma of dorsal and ventral neurons. It is known that the dendrites of CA1 neurons express a higher density of GIRK channels (Drake et al., 1997; Chen and Johnston, 2005) . Thus, we speculated that dorsal dendrites would have a higher resting GIRK conductance and this higher GIRK conductance might underlie the higher threshold for LTP induction in dorsal neurons. GIRK channels have a high sensitivity to barium (Ba 2ϩ ) and can be blocked by low concentration of barium chloride (BaCl 2 ) (Chen and Johnston, 2005; Hibino et al., 2010; Makara and Magee, 2013; Kim and Johnston, 2015) . We used 25 M BaCl 2 to block GIRKs in dorsal and ventral neurons. To test whether the resting GIRK conductance is higher in the dorsal dendrites, we first measured the changes in V m and R in after bath application of BaCl 2 . Similar to the previous study (Kim and Johnston, 2015) , blocking GIRKs depolarized the dorsal neurons and increased the R in . Furthermore, the Ba 2ϩ induced change in V m (dorsal: 4 Ϯ 0.7 mV, n ϭ 5; ventral: 1.3 Ϯ 0.5 mV, n ϭ 5; unpaired t test, t (8) ϭ 2.3, p ϭ 0.019) and R in (dorsal: 31.3 Ϯ 3.7%; ventral: 5.2 Ϯ 2.25%; unpaired t test, t (8) ϭ 6.47, p ϭ 0.0003) was significantly larger in dorsal neurons (Fig. 8 A, B) . Next, we compared the effect of Ba 2ϩ on the amount of LTP in dorsal and ventral neurons. To delineate the effects of V m and the block of GIRKs, the V m of dendrites was maintained at the initial RMP (measured before application of BaCl 2 ) during the LTP experiment. Large changes in EPSP slope were observed in both dorsal and ventral neurons when TBP protocol was applied in the presence of BaCl 2 (Fig. 9B-E) . Interestingly, the amount of LTP induced in the presence of BaCl 2 (284.4 Ϯ 72.03%) was significantly larger (Kruskal-Wallis ANOVA, H ϭ 10.32, p Ͻ 0.01) than LTP induced in control conditions only for dorsal dendrites. Similar increase in LTP with BaCl 2 was not observed in ventral dendrites (409 Ϯ 97.2%). Large plateau potentials were, however, observed in both dorsal and ventral dendrites during TBP in the presence of BaCl 2 (dorsal: 76.2 Ϯ 21.8 ms; ventral: 65.8 Ϯ 22 ms) (Fig. 9 B, D,K ) . A similar barium-induced enhancement of TBP-LTP in dorsal neurons was observed in somatic LTP recordings (Fig. 10 D, F ) .
Because barium has affinity for GIRKs and other inwardrectifying K ϩ channels (IRKs), we repeated the above experiment with TerQ (Jin and Lu, 1999) , which is a specific blocker for GIRK channels. TerQ also changed resting properties of dorsal neurons (V m : 2.8 Ϯ 0.66 mV; R in : 28 Ϯ 8.6%; n ϭ 5) with only small effects on ventral dendrites (V m : 0.2 Ϯ 0.3 mV; R in : 3.6 Ϯ 2.3%; n ϭ 5) (Fig. 8C,D) . Similar to the effects of Ba 2ϩ , TerQ significantly increased (Kruskal-Wallis ANOVA, H ϭ 10.32, p Ͻ 0.01) TBP-LTP in dorsal dendrites but did not affect the amount of LTP in ventral dendrites (dorsal: 280.2 Ϯ 104.5%; ventral: 338.3 Ϯ 134.5%) (Fig. 9G, I, J ) . Additionally, TerQ increased the duration of plateau potentials in both dorsal and ventral dendrites (dorsal: 62.8 Ϯ 9.3 ms; ventral: 84.2 Ϯ 18.1 ms; Kruskal-Wallis ANOVA, p Ͻ 0.01) (Fig. 9 F, H,K ) . Together, these results suggest that a higher resting GIRK conductance in dorsal neurons underlies the higher threshold for LTP induction in these neurons.
Physiological role of regulating LTP in dorsal neurons
The results thus far indicate a resting GIRK conductancemediated gating of LTP in dorsal neurons and a lack of a similar gating in ventral neurons. This gating of LTP in dorsal neurons can be overcome by either a pharmacological block of GIRK channels or by depolarization of dendritic membrane during LTP induction. Is there a physiological role for this gating? Apart from the large number of SC axons innervating the apical dendrite, CA1 neurons also receive TA inputs onto their distal dendrites Steward, 1976; Amaral and Witter, 1989; Witter et al., 1989; Kajiwara et al., 2008) . Recent studies have emphasized the importance of the summation and timing between the SC and TA inputs in regulating LTP and in the formation of place fields (Brun et al., 2008a; Bittner et al., 2015) . We speculated that the higher threshold for LTP induction in dorsal neurons could enforce the requirement for coincident timing of SC and TA inputs. According to this postulate, dorsal neurons would exhibit robust LTP only when the two inputs arrive at the apical dendrite at the same time. To test this prediction, we obtained recordings from the dorsal dendrites at the border of stratum radiatum and stratum lacunosum-moleculare ( Fig. 11A ; Table 1 ). LTP was induced by activation of SC and TA inputs using a modified TBP protocol. During the burst of TBP, the interinput timing of the two inputs was set to be either 0 or 100 ms (Fig. 11B) . Interestingly, long plateau potentials (42.6 Ϯ 7.6 ms) and large LTP were observed at SC (313 Ϯ 57.1%) and TA inputs (172.3 Ϯ 18.7%) in dorsal dendrites when the two inputs were coincident during LTP induction (n ϭ 8; Fig. 11F-H ) . By contrast, LTP induction with the two inputs separated by 100 ms led to a significantly smaller LTP in SC inputs (195 Ϯ 14.2%) and failed to induce plasticity in TA inputs (103.1 Ϯ 8.4%) (n ϭ 6; Fig. 11G,H ) . Further, the decreased plasticity in the 100 ms induction protocol was accompanied by shorter duration of plateau potentials (33.9 Ϯ 3.7 ms) in dorsal dendrites (Fig. 11F ) . Next, we conducted the same two-pathway pairing experiments in ventral dendrites. In the ventral dendrites, similar LTP was obtained at the SC inputs (0 ms: 331.4 Ϯ 62%; 100 ms: 440.6 Ϯ 102.4%) and TA inputs (0 ms: 183.5 Ϯ 39.5%; 100 ms: 183.1 Ϯ 36.1%) when the interinput timing of the two inputs was either 0 or 100 ms ( Fig. 11G,H ; Table 1 ). Additionally, the duration of plateau potentials was also similar in the 0 ms (91.8 Ϯ 12.1 ms, n ϭ 10) and the 100 ms (78.5 Ϯ 11.8 ms, n ϭ 6) protocols (Fig. 11F ) . Together, these data suggest that the plasticity in dorsal neurons is boosted by activation of SC and TA inputs within a narrow time window. By contrast, the ventral neurons can generate plateau potentials and exhibit robust LTP in response to temporally dispersed inputs. These results suggest an important role of TA inputs in regulating plasticity in dorsal CA1 neurons. The spatial location of the TA inputs in dorsal neurons and the differences in the ion channel gradients at the distal apical dendrite might underlie this special role of TA inputs in plateau potential generation and LTP induction in the dorsal dendrites.
Discussion
Here we show that the dorsal CA1 neurons have a higher threshold for LTP induction and require coincident activation of SC and TA inputs for generation of plateau potentials. The ventral neurons, however, can integrate temporally dispersed excitatory inputs and have a lower threshold for LTP induction. We found that the higher threshold for LTP in the dorsal neurons is mediated by a higher resting conductance of GIRK channels. It should be noted that our results of larger LTP in ventral than dorsal neurons are in contrast to previous studies (Papatheodoropoulos and Kostopoulos, 2000; Maggio and Segal, 2007; Milior et al., 2016) . The disparity in the results from our study and those of the previous studies could be due to differences in methodology. Specifically, these previous studies used extracellular field potential recordings from slices with intact inhibition, different bath solutions, and high-frequency stimulation to induce LTP. We and others have previously reported that ventral neurons are more excitable compared with dorsal neurons and that this stems from differences in morphology and the expression of HCN, GIRKs, and A-type-K ϩ channels Marcelin et al., 2012; Kim and Johnston, 2015; Malik et al., 2016) . The results in the present study corroborate these previous findings obtained from somatic recordings and extend the comparison to the entire somatodendritic axis. Previously, it was shown that the resting GIRK conductance at the soma of dorsal neurons was higher compared with ventral neurons (Kim and Johnston, 2015); we provide evidence for a similar DV difference in resting GIRK conductance at the apical dendrites. This higher resting GIRK conductance in the dorsal dendrites lowers the excitability and also increases the threshold for LTP induction. In agreement with the previously reported higher expression of K A channels (Marcelin et al., 2012) , the attenuation of bAPs was greater in dorsal dendrites compared with ventral dendrites. Interestingly, we found that the decreased attenuation of bAPs in ventral neurons was a compensatory mechanism for the longer radial length of their apical dendrites. Our results indicate that this DV difference in bAP amplitude does not underlie the DV differences in LTP, but we cannot rule out a contribution of K A channels in LTP regulation. It is becoming increasingly evident that conductances mediated by channels active at rest (e.g., HCN and GIRK) can interact with K A channels (John and Manchanda, 2011; Mishra and Narayanan, 2015) to regulate integration of excitatory inputs and generation of active dendritic events (Berger et al., 2003; Tsay et al., 2007) . Although the current study does not address this interaction, it might play a role in regulation of LTP in dorsal neurons. Somewhat surprisingly, we did not find DV differences in TBP-induced intrinsic plasticity. Although dorsal and ventral neurons showed different amounts of LTP, the TBP-induced decrease in intrinsic excitability was similar in these neurons. It has been shown previously that the activation kinetics of HCN channels in dorsal and ventral neurons are different ( , but the effects of resting HCN conductance on subthreshold membrane properties of dorsal and ventral neurons are similar when recorded at their respective RMPs Malik et al., 2016) . In the present study, the DV differences in LTP induction were evident when the recordings were made at the respective RMP of the dorsal and ventral neurons. Thus, we speculate that the DV differences in the threshold for LTP induction are not due to differences in kinetics of HCN channels but due to the differences in resting GIRK conductance.
GIRK channels belong to the family of strong inwardly rectifying K ϩ channels, but despite this name, under physiological conditions, the net potassium flux through these channels is in the outward direction (Ehrengruber et al., 1997; Nichols and Lopatin, 1997; Yamada et al., 1998) . Because of their higher expression at the dendrites and near the excitatory synapses (Drake et al., 1997; Chen and Johnston, 2005) , GIRK channels can suppress the summation of EPSPs, reduce the availability of NMDARs, and influence the threshold and shape of active events in the dendrite. Multiple computational studies provide evidence for the above-mentioned roles of The time difference between two inputs during LTP induction was 0 ms (D) and 100 ms (E). F-H, Summary plots for plateau duration (F ) (unpaired t test, dorsal: t (12) ϭ 2.2, p ϭ 0.04; ventral: t (14) ϭ 0.87, p ϭ 0.39), LTP at SC inputs (G) (unpaired t test; dorsal: t (12) ϭ 2.47, p ϭ 0.03; ventral: t (14) ϭ 0.97, p ϭ 0.34), and LTP at TA inputs (H ) (unpaired t test; dorsal: t (12) ϭ 3, p ϭ 0.01; ventral: t (14) ϭ 0.006, p ϭ 0.99) for dorsal (black) and ventral (red) dendrites. Circles represent data points corresponding to 0 ms pairing protocol (dorsal, n ϭ 8; ventral, n ϭ 10). Triangles represent data points corresponding to 100 ms pairing protocol (dorsal, n ϭ 6; ventral, n ϭ 6). Open symbols represent individual cells. Closed symbols represent mean Ϯ SEM. *p Ͻ 0 0.05. The amplitude of the initial EPSPs was similar for dorsal and ventral neurons. The depolarization areas and the plateau durations during TBP trains were significantly different for both 0 ms and 100 ms pairing protocols between dorsal and ventral neurons. LTP at the SC inputs to dorsal and ventral neurons was similar for 0 ms protocol but was different for the 100 ms protocol. LTP at the TA inputs to dorsal and ventral neurons was similar for both the 0 ms and 100 ms protocols. *p Ͻ 0.05; **p Ͻ 0.01; unpaired t test.
